Abstract. Galectin-3 is a multifunctional β-galactoside-binding lectin that is involved in multiple biological functions which are upregulated in malignancies, including cell growth, adhesion, proliferation, progression and metastasis, as well as apoptosis. A previous study has confirmed the roles of galecin-3 overexpression in the biological behavior of Eca109 human esophageal cancer (EC) cells. In the present study, small interfering (si)RNA-mediated galectin-3 silencing was performed to analyze the effects of decreased galectin-3 expression on the biological behavior of EC cells. Western blot and quantitative polymerase chain reaction analyses were utilized to confirm galectin-3 knockdown at the protein and mRNA level (P<0.05 vs. siRNA-control and untransfected groups). Cell proliferation was assessed using the Cell Counting Kit-8 assay. At 72 and 96 h after transfection, the proliferation of Eca109 cells in the siRNA-Gal-3 group was decreased compared with that in the siRNA-Control and untransfected groups (P<0.001 and P=0.004, respectively). Furthermore, Transwell assays demonstrated that inhibition of galecin-3 significantly reduced the migration and invasion of Eca109 cells compared with that in the other groups (P<0.05). Finally, apoptosis of Eca109 cells was detected using Annexin V/7-amino-actinomycin double-staining and flow cytometric analysis. Galectin-3 knockdown significantly enhanced the apoptotic rate of Eca109 cells compared with that in the siRNA-control and untreated groups (P=0.031 and P=0.047, respectively). In conclusion, following successful knockdown of galecin-3 expression in Eca109 cells, the cell proliferation, migration and invasion were reduced, while the apoptosis was enhanced, which indicates that galectin silencing may represent a therapeutic strategy for EC.
Introduction
Galectin-3, a member of the carbohydrate-binding protein family, shows high affinity for β-galactoside-containing glycoconjugates (1) . Galectin-3 is a unique chimera-type galectin containing three distinct structural domains, including a short NH 2 -terminal domain of 12 amino acids, which regulates its cellular targeting, a C-terminal carbohydrate recognition domain (CRD) with an amino-terminal tandem repeat, the subcellular localization of which determines the wide distribution and numerous biological functions of galectin-3, and a repetitive collagen-like sequence rich in glycine, tyrosine and proline that acts as a substrate for matrix metalloproteinases (2) (3) (4) . Galectin-3, dependent on its sub-cellular location, has been shown to participate in multiple biological functions, including cell growth, cell adhesion, migration, metastasis, cell-cycle regulation, malignant transformation, cell differentiation and inhibition of apoptosis (5) (6) (7) (8) . For example, cell-surface galectin-3 is involved in cell adhesion, migration and cell-cell as well as cell-matrix interaction (9) . Cytoplasmic galectin-3 mainly acts as an anti-apoptotic factor (10, 11) , whereas nuclear galectin-3 participates in pre-mRNA splicing (12) and may regulate gene expression at the transcriptional level (11, 13) .
Studies have demonstrated that galectin-3 is highly expressed during neoplastic progression and metastasis in numerous types of human malignant tumor. In melanoma, upregulation of galectin-3 expression was implicated in tumor growth and metastasis (14) . Lotan et al (15) observed that galectin-3 expression in certain primary and metastatic carcinomas was elevated compared with that in adjacent normal mucosa. A study by Inohara et al (16) indicated that galectin-3 is consistently overexpressed in thyroid carcinomas of follicular cell origin, whereas no expression of galectin-3 is found in normal thyroid tissues, nodular goiters and follicular adenomas. Galectin-3 expression in clear-cell renal cell carcinoma with distant metastasis was significantly higher than in those without distant metastasis (6) .
Esophageal cancer (EC) is a type of invasive malignant cancer with high mortality due to its early metastasis and post-operative recurrence. In 2014, an estimated 18,170 people were diagnosed with esophageal cancer and 15,450 people succumbed to the disease in the United States (17) . Based on the report by the Esophageal Cancer Collaboration (WECC), patient survival decreased with increased tumor invasion, as well as presence of regional lymph node metastases and distant metastases (18) . Numerous studies have been performed to explore the mechanisms of tumor progression and metastasis in EC (19) (20) (21) (22) (23) (24) ; however, the exact mechanism underlying the aggressiveness of this cancer type has largely remained elusive. A previous study by our group (19) demonstrated that overexpression of galectin-3 exerts important effects on the biological behavior of Eca109 human EC cells, resulting in enhanced proliferation, migration and invasion, as well as decreased apoptosis. Thus, the present study examined the effects of galectin-3 knockdown using small interfering RNA (siRNA) on multiple biological functions, including proliferation, migration, invasion and apoptosis, in Eca109 cells. The present study indicated that siRNA-mediated knockdown of galectin-3 maybe represent a promising targeted therapy approach for EC.
Materials and methods
Cell culture. The Eca109 human esophageal cancer cell line was obtained from the Shandong Academy of Medical Sciences (Jinan, China). All cells were cultured at 37˚C in tissue culture flasks (Corning-Costar, Corning, NY, USA) containing Dulbecco's modified Eagle's medium (DMEM)-F12 (Gibco; Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS; Gibco) and 1% penicillin-streptomycin (HyClone; GE Healthcare, Little Chalfont, UK) in a humidified incubator containing 95% air and 5% CO 2 .
siRNA transfection. The siRNAs (galectin-3 siRNA and non-silencing siRNA) were designed and synthesized by Shanghai GenePharma Co., Ltd. (Shanghai, China). The siRNA-Gal-3 sequences were as follows: Gal-3-homo-422 (siGal3-1), 5'-GCC ACU GAU UGU GCC UUA UTT-3'; Gal-3-homo-746 (siGal3-2), 5'-GUA CAA UCA UCG GGU UAA ATT-3' . As the non-silencing siRNA (siRNA-control), a scrambled sequence (5'-UUC UUC GAA CGU GUC ACG UTT-3'), which does not target any known mammalian gene, was used as a negative control. The transfection efficiency of siRNA was evaluated by using negative control FAM-siRNA (Shanghai GenePharma Co., Ltd.), which emitted faint green fluorescence. The lyophilized siRNAs were dissolved in diethylpyrocarbonate-treated water according to the manufacturer's instructions. Transfection of Eca109 cells with galectin-3 siRNA was performed using HiperFect transfection reagent (Qiagen, Hilden, Germany) according to the manufacturer's instructions. Eca109 cells (10x10 4 cells in 2 ml complete culture medium) were seeded into a six-well plate at 24 h prior to transfection. The cells treated with siRNA were harvested within 48-72 h after transfection for further experiments.
Western blot analysis. Four groups of Eca109 cells (untreated, siRNA-control, siGal3-1 and siGal3-2) were harvested within 72 h after transfection. Total protein was extracted using radioimmunoprecipitation assay lysis buffer (Sigma-Aldrich, St. Louis, MO, USA) according to the manufacturer's instructions. The protein concentration was determined using a Bicinchoninic Acid Protein Assay kit (Pierce Biotechnology, Inc., Rockford, IL, USA). 10% SDS-PAGE was used to isolate the total protein extracts (30 µg/well), which were transferred onto a polyvinylidene membrane (Millipore, Billerica, MA, USA). The band representing galectin-3 was determined using Protein Marker (Beyotime Institute of Biotechnology, Haimen, China). The membrane was subsequently blocked with 5% non-fat milk at 37˚C for 1 h. Galectin-3 was immunodetected with monoclonal anti-galectin-3 antibody (cat. no. ab2785; 1:1,000; Abcam, Cambridge, UK) containing a ~30 kDa recombinant fragment of human galectin-3 full-length protein, overnight at 4˚C. After washing with Tris-buffered saline containing Tween-20 three times, the membranes were incubated with sheep anti-rat immunoglobulin G conjugated to peroxidase (1:500; Sigma-Aldrich). Based on the manufacturer's instructions, immunosignals were visualized using the Protein Detector 5-bromo-4-chloro-3-indolyl-phosphate/nitro blue tetrazolium western blotting kit (Beyotime Institute of Biotechnology). A FluorChem E instrument (Cell Biosciences, Santa Clara, CA, USA) was utilized to capture enhanced chemiluminescence images. Quantification of the galectin-3 band intensity was performed using ImageJ software (version 1.62; National Institutes of Health, Bethesda, MD, USA). Another membrane that was incubated with anti-β-actin (1:1,000; Santa Cruz Biotechnology, Inc., Dallas, TX, USA) and green fluorescence protein-conjugated (1:1,000; CoWin Biotech Co., Ltd., Beijing, China) antibodies was prepared in an identical manner.
Reverse-transcription quantitative polymerase chain reaction (RT-qPCR).
Four groups of Eca109 cells (untreated, siRNA-control, siGal3-1 and siGal3-2) were harvested 48 h post-transfection. Total RNA was separated using RNA-solv reagent (Omega Bio-Tek, Norcross, GA, USA) following the manufacturer's instructions. After detection of the total RNA concentration by spectrophotometry at a wavelength of 260 nm (SpectraMax 190; Molecular Devices, Sunnyvale, CA, USA), total RNA incubated at 65˚C for 5 min was used to synthesize cDNA using a Rever Tra Ace ® qPCR-RT kit (Toyobo, Osaka, Japan) in a 10 µl reaction system containing 2 µl 5X RT buffer, 0.5 µl Enzyme Mix, 0.5 µl Primer Mix, 2 µl total RNA and 5 µl nuclease-free water, with the following reaction conditions: 5 min at 95˚C and 15 min at 37˚C. An ABI ViiA7 Dx instrument (Applied Biosystems; Thermo Fisher Scientific, Inc.) was used to conduct PCR reactions with a 10 µl reaction mixture containing 5 µl SYBR ® Green (Toyobo), 2 µl nuclease-free water, 1 µl forward primer, 1 µl reverse primer and 1 µl cDNA. The thermocycling conditions were as follows: 35 cycles of denaturation at 95˚C for 15 sec, annealing at 61˚C for 15 sec and extension at 72˚C for 45 sec. The human galectin-3 mRNA sequences in GenBank (accession no. NM_02306) were used to design the gene-specific primers (BioSune Co., Ltd., Jinan, China) as follows: Forward, 5'-GGT GAA GCC CAA TGC AAACA-3' and reverse, 5'-TGC AAC CTT GAA GTG GTCAG-3'. Amplification of human β-actin mRNA was performed as a reference to normalize sample loading using the following primers (Boshang Co., Ltd.): Forward, 5'-TGG CAC CCA GCA CAA TGAA-3' and reverse, 5'-CTA AGT CAT AGT CCG CCT AGA AGCA-3'. PCR results were quantified using the ΔCt method according to the following formula: Expression ratio = 2 -ΔCt , where ΔCt = ΔCt target gene -ΔCt endogenous control gene (β-actin) (25) .
Cell proliferation assay. Eca-109 cells (3x10 3 cells/well) transfected with either control or galectin-3 siRNA were dispensed into 96-well round-bottomed microtiter plates in a total volume of 100 µl/well and incubated for 24-96 h at 37˚C in 5% CO 2 . Subsequently, 10 µl Cell Counting Kit-8 (CCK-8; Dojindo, Kumamoto, Japan) solution in 100 µl complete DMEM was added to each well, followed by incubation for 4 h. The absorbance was measured at 450 nm using a spectrophotometer (Spectramax 190; Molecular Devices).
Transwell migration and invasion assay. Transwell polycarbonate filters (8.0-µm pore size; Costar ® ; Sigma-Aldrich) in 24-well plate were used to assess the migration and invasion of Eca109 cells. For the migration assay, transfected or untransfected Eca109 cells at 4x10 4 /200 µl in serum-free DMEM were seeded into the upper chambers, while 600 µl DMEM containing 2.5% FBS was added to the lower chamber. After incubation at 37˚C in 5% CO 2 for 48 h, cells on the upper surface of the filter were removed using a cotton swab. The cells migrated to the lower side of the filter were fixed in methanol for 15 min at room temperature, stained with 0.25% crystal violet (Beyotime Institute of Biotechnology) for 10 min at room temperature and washed with phosphate-buffered saline following staining. Images of the cells migrated to the lower side of the filter were captured (magnification, x40) and counted (magnification, x100) under an inverted fluorescence microscope by an independent investigator.
For the invasion assay, transfected or untransfected Eca109 cells at 8x10 4 /200 µl in serum-free DMEM were seeded into the upper Transwell chambers, which were pre-coated with 100 µl 1:5 diluted Matrigel (BD Biosciences, Franklin Lakes, NJ, USA), while 600 µl DMEM containing 10% FBS was added to the lower chambers. Following incubation at 37˚C in 5% CO 2 for 48 h, the cells and Matrigel on the upper surface of the membrane were removed using a cotton swab. The number of invaded cells on the lower side of the membrane was determined in an identical manner to that stated for the migration assay.
Cell apoptosis assay. Apoptotic cells were analyzed by using an Annexin V-Phycoerythrin (PE) Apoptosis Detection kit (BD Biosciences) and flow cytometric analysis (FACSAria II; BD Biosciences). Untransfected Eca109 cells or Eca109 cells transfected with siRNA or control-siRNA for 48 h were re-suspended in 1X working solution at 1x10 6 cells/ml. Following addition of 5 µl Annexin V-PE and 5 µl 7-amino-actinomycin stain (7-AAD; eBioscience, San Diego, CA, USA), cells were incubated at 25˚C in the dark for 15 min. Subsequently, 400 µl binding buffer was added and cells were analyzed by flow cytometry within 1 h of staining.
Statistical analysis. All statistical analyses were performed using SPSS software (version 13.0; SPSS, Inc., Chicago, IL, USA). Values are expressed as the mean ± standard deviation. Unpaired Student's t-tests were utilized for comparisons between values. P<0.05 was considered to indicate a statistically significant difference.
Results

Confirmation of galectin-3 silencing.
The protein expression of galectin-3 in the four groups of Eca109 cells (siGal3-1, siGal3-2, siRNA-control and untreated) was examined by western blot analysis (Fig. 1A and B) . Variant expression was detected in the 31-kDa band representing galectin-3. The expression of galectin-3 in the two siGal3-transfected groups was significantly decreased compared with that in the siRNA-control and untreated groups (siGal3-1, P=0.001 and P=0.001; siGal3-2, P=0.002 and P=0.003, respectively). The galectin-3 suppression rates of siGal3-1 and -2 reached 90.2 and 67.9%, respectively.
Furthermore, the mRNA levels of galectin-3 in the four groups (siGal3-1, siGal3-2, siRNA-control and untreated) were determined by RT-qPCR (Fig. 1C) . Compared with the siRNA-control cells or untreated cells, galectin-3 mRNA was significantly reduced in the siGal3-1-and siGal3-2-treated cells (P<0.05) with galectin-3 suppression rates of 97.6 and 95.2%, respectively. 
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While a significant decrease in galectin-3 expression in the siRNA-control group compared with that in the untreated group was observed at the protein and mRNA level (P<0.05), this difference was minor compared to the knockdown effect of siGal3-1 and -2.
The results suggested that Gal-3-homo-422 was more effective at galectin-3 silencing than Gal-3-homo-746. Therefore, Gal-3-homo-422 was used for gene knockdown in the subsequent functional experiments.
Galectin-3 silencing inhibits EC-cell proliferation.
The effects of galectin-3 silencing on the proliferation of Eca109 cells were assessed using a CCK-8 assay (Fig. 2) . While transfection with siRNA for 24 and 48 h did not significantly affect the proliferation of Eca109 cells (P>0.05) (Fig. 2A, B and E) , the proliferative rate was significantly decreased following 72 h of transfection (P<0.001), and it was further decreased at 96 h after transfection (P=0.004 and P=0.001 vs. siRNA-control and untreated groups, respectively) ( Fig. 2C-E) .
Galectin-3 silencing inhibits the migration and invasion of EC cells.
The migratory and invasive capacities of Eca109 cells were detected using Transwell assays (Fig. 3) . A significantly decrease of cell invasion was observed in the siRNA-Gal-3 group (55.3±7.37) compared with that in the siRNA-control (298.3±8.33; P=0.001) and untreated (354±7; P<0.001) groups.
Furthermore, the migration of Eca109 cells in the siRNA-Gal-3 group (62.3±5.51) was obviously decreased In the invasion as well as in the migration assay, significant differences were present between the siRNA-control and untreated groups (P<0.05); however, these effects were minor compared with those of siRNA-Gal-3.
Galectin-3 silencing enhances apoptosis of EC cells.
Flow cytometry was utilized to determine the apoptotic rate of Eca109 cells (Fig. 4) . The cells treated with siRNA-Gal-3 (8.8±3.08%) exhibited a higher apoptotic rate than those in the siRNA-control (3.8±1.51%; P=0.031) and untreated (3.33±0.72%; P=0.047) groups.
Discussion
Esophageal cancer is an aggressive digestive tract malignancy and patients with increased tumor invasion or metastasis generally exhibit reduced survival rates (18) . At present, the process of discovering effective treatment methods for EC is challenging due to the biological behavior of EC cells, including enhanced migration and invasion as well as evasion of apoptosis. Studies have demonstrated that galectin-3 is highly expressed in various tumor types and linked with tumor progression and metastasis (6, (14) (15) (16) . A previous study by our group revealed that overexpression of galectin-3 enhanced the aggressive behavior of human esophageal Eca109 cells, including increased proliferation, migration and invasion, as well as reduced apoptosis (19) . The present study successfully performed siRNA-mediated silencing of galectin-3 in order to assess its effects on multiple biological functions of the Eca109 human EC cell line.
The migration and invasion of cancer cells has been reported to be linked with adhesion and proteolysis of extracellular matrix (ECM) components, which can be regulated by integrins. Integrins are a family of 24 ubiquitous heterodimeric transmembrane receptors that are expressed in multiple cell types and are widely involved as key regulators of inflammation, apoptosis and metastasis (26) . In numerous malignancies, overexpressed galectin-3 has been shown to mediate cell migration and invasion by binding to integrins or regulating their expression (27) . The present study performed knockdown of galectin-3 using siRNA-Gal-3, which was shown to significantly reduce the migration and invasion abilities of Eca109 cells compared with those of untreated cells or those transfected with siRNA-control. This result indicated a possible link between galectin-3 expression and cell motility, which was consistent with studies on other malignant tumor types. Kobayashi et al (28) showed that transient silencing of galectin-3 reduced the migration and invasion of three human pancreatic cancer cell lines. Honjo et al (29) revealed that in human breast carcinoma cells, the suppression of galectin-3 expression blocked tumorigenicity and led to a significant inhibition of tumor growth in nude mice. Bresalier et al (30) discovered that a decrease of galectin-3 expression was linked with a significant reduction of liver colonization and spontaneous metastasis of human colon cancer cells, whereas overexpression of galectin-3 led to an enhanced metastastic potential. It has been reported that inhibition of galectin-3 expression reduced the motility of human colon cancer and glioblastoma cells (31,32). Galectin-3 was shown to regulate metastasis of breast and prostate cancer cells by binding to cell adhesion-associated molecules and suppressing cell-cell and cell-ECM interactions in vitro as well as in vivo (33) . Upregulation of galectin-3 expression in lung carcinoma cells was reported to promote cell motility and invasion (34) . However, a study by Junking et al (35) indicated that galectin-3 silencing enhanced cell motility; downregulation of galectin-3 A B C D expression was associated with lymphatic invasion, metastasis potential and poor differentiation of cholangiocarcinoma (CCA). Of note, several studies indicated that galectin-3 was overexpressed or downregulated in the same type of malignant tumor. For example, in human colorectal carcinoma, upregulation of galectin-3 expression was observed, which was linked with cancer progression and metastasis (36, 37) , and Zaia Povegliano et al (38) discovered that galectin-3 was highest in the most advanced stage of colorectal cancer. By contrast, downregulation of galectin-3 expression has also been observed in colorectal carcinoma (39) . These contradictory findings indicated that differential galectin-3 expression leading to increased or decreased cell invasion and metastasis may be associated with the cancer type or stage and their associated properties (35) ; however, the exact mechanisms require further exploration. In the present study, a significant difference was also observed between siRNA-control and untreated groups in terms of galectin-3 expression as well as cell migration and invasion, probably owing to the influences of transfection reagent and negative control siRNA on Eca109 cells. The present study also analyzed the effects of galectin-3 silencing on Eca109-cell proliferation. At 72 and 96 h after transfection, decreased cell proliferation in the siRNA-Gal-3 treated group was observed compared with that in the siRNA-control and untreated groups, whereas at 24 and 48 h after transfection, no significant difference in the proliferative rate was found among the three groups. Galectin-3 was therefore shown to be associated with cell proliferation in Eca109 cells, and inhibiting tumor cell proliferation by downregulation of galectin-3 expression may contribute to the interference with tumor progression.
Anti-apoptotic activity, the most distinct function of galectin-3, has been shown to rely on its sub-cellular localization with cytoplasmic galectin-3 acting as a main anti-apoptotic factor. Galectin-3 has been demonstrated to exert critical roles in the evasion of apoptosis by interacting with the anti-apoptotic nuclear factor (NF)-κB signaling pathway and inducing the activation of anti-apoptotic transcription factors (40) . In turn, NF-κB was shown to be involved in the regulation of galectin-3 (41) and the expression of genes associated with the immune response, inflammatory processes and apoptosis (42, 43) . Furthermore, synexin was observed to mediate the translocation of galectin-3 to perinuclear mitochondrial membranes to suppress changes in the mitochondrial membrane potential and to thereby inhibit apoptosis (10) . In the present study, Annexin V/7-AAD double-staining was utilized to assess the effects of galectin-3 on the apoptotic rate of EC cells. Silencing of galectin-3 was shown to promote apoptosis of Eca109 cells, which was concordant with the results of previous studies and confirmed the anti-apoptotic activity of galectin-3 in tumor cells. Shi et al (37) revealed that silencing of galectin-3 with siRNA contributed to the stimulation of apoptosis in human colorectal cancer cells. Furthermore, accumulating evidence implied that galectin-3-mediated resistance to apoptosis is linked with resistance to chemotherapy. Lin et al (44) demonstrated that siRNA-mediated galectin-3 knockdown induced apoptosis, while increased expression of galectin-3 enhanced chemoresistance to doxorubicin with reduced doxorubicin-induced apoptosis and expression of tumor necrosis factor-related apoptosis-inducing ligand (TRAIL). In bladder carcinoma cells, upregulation of galectin-3 expression was also shown to inhibit TRAIL-induced apoptosis (45) . In addition, Choi et al (46) reported that breast carcinoma cells with galectin-3 overexpression exhibited enhanced resistance to N-(4-hydroxyphenyl) retinamide-induced apoptosis. Tepsiri et al (47) analyzed five human intrahepatic CCA cell lines, revealing that the KKU-100 CCA cell line, in which galectin-3 was most highly expressed, was resistant to all chemotherapeutic drugs tested, whereas the KKU-M055 cell line, which did not express galectin-3, was most sensitive to the chemotherapeutic drugs. These studies indicated that targeting of galectin-3 may represent a potential clinical application for the treatment of malignant tumors. Although the molecular mechanisms by which galectin-3 affects biological functions of cancer cells remain to be fully elucidated, galectin-3 represents a promising target for the treatment of EC, which warrants further development.
In conclusion, the present study revealed that siRNA-mediated galecin-3 silencing in the Eca109 EC cell line resulted in the inhibition of cell proliferation, migration and invasion, as well as an increase of cell apoptosis. While the exact mechanism of the effects of galectin-3 on human EC cells and other cancer types require further investigation to, galectin-3 silencing was indicated to be a promising treatment strategy for EC.
